Background: Cystinuria is a rare genetic disorder characterized by defective renal reabsorption of cystine, ornithine, arginine, and lysine. The increased urinary excretion of cystine results in the development of cystine urolithiasis (CU). The mutated SLC3A1 and SLC7A9 genes are the cause of CU, a global disorder. Its frequency and mutation spectrum vary between different populations. In Asia, the data for CU are limited.
BACKGROUND
Urolithiasis, also known as urinary calculi disease, develops when a solid piece of material exists in the urinary tract (Miller and Lingeman, 2007) . Most kidney stones form because of a combination of genetics and environmental factors (Miller and Lingeman, 2007) . Urolithiasis have serious consequences if not treated immediately. Cystine urolithiasis (CU) is a genetic disorder characterized by defective renal reabsorption of cystine, arginine, lysine, and ornithine; the increased urinary excretion of cystine results in the formation of kidney stones (Eggermann et al., 2012; Fattah et al., 2014) . Two genes responsible for cystinuria and CU have been identified: SLC3A1, which encodes the heavy subunit rBAT of the renal b0,+ transporter; and SLC7A9, which encodes b0, +AT, the interacting light subunit of the b0,+ transporter (Calonge et al., 1994; Feliubadaló et al., 1999) . b0,+ and b0,+AT combine with each other through disulfide linkage, and only the combined b0,+-b0,+AT heterodimer is functional (Chillarón et al., 2010) . The inheritance for cystinuria may vary from autosomal recessive (AR) to autosomal dominant (AD) with incomplete penetrance to digenic pattern (Dello Strologo et al., 2002; Sahota et al., 2019) . Accordingly, cystinuria is divided into the following subtypes: biallelic SLC3A1 mutations (AA genotype), biallelic SLC7A9 mutations (BB genotype), a single heterozygous SLC3A1 mutation (A genotype), a single heterozygous SLC7A9 mutation (B genotype), and a single heterozygous SLC3A1 mutation combined with a single heterozygous SLC7A9 mutation (AB genotype) (Dello Strologo et al., 2002; Sahota et al., 2019) .
Cystinuria is a global disease with a population-specific prevalence (Eggermann et al., 2012) . Although the overall frequency is estimated at 1:7,000 in neonates (Segal and Thier, 1995) , the frequency varies in different areas. The rate of CU is 1:2,500 in Libyan Jews, 1:15,000 in Americans, and 1:100,000 in Swedes (Weinberger et al., 1974; Segal and Thier, 1995) . In Libyan Jews, the mutant gene carrier rate is as high as 1:25 (Weinberger et al., 1974) . In Sweden, 0.5% of the general population carries the SLC3A1 p.Met467Thr variant (Harnevik et al., 2001; Harnevik et al., 2003) . In Asia, cystinuria is rarely reported and its frequency in the Chinese population is unclear.
In this study, we analyzed the composition of 232 samples of kidney stones and subjected 13 cases of childhood CU to genetic analysis. A total of 24 pathogenic variants in SLC3A1 and SLC7A9 were detected, 15 of which were novel. These data expanded the spectrum of CU variants in the Chinese population.
METHODS

Criteria for Pediatric CU and the Controls
Data from pediatric CU patients were collected from 2012 to 2017. A total of 13 CU patients were enrolled in this study (Supplementary Data 1) . Patients were diagnosed with pediatric CU if (i) they were aged 0-18 years old, (ii) passed visible urinary stones under a clinical setting, and (iii) passed pure or cystine stones as identified via stone composition analysis. The 26 controls were taken from sporadic cases of patients with calcium oxalate dihydrate stones (Supplementary Data 1).
DNA Isolation and Sanger Sequencing
Peripheral blood samples were obtained from 13 Trios-families and 26 sporadic cases of other kidney stones (calcium oxalate dihydrate stones). DNA was extracted using a genomic DNA isolation kit (D3392-02; Omega Bio-Tek, Inc., Norcross, GA, USA) in accordance with a standard protocol. The coding regions and intron-exon junctions of the SLC3A1 and SLC7A9 genes were amplified via PCR by using primers synthesized by BGI, a local biotech company (Shenzhen, China). Primers were designed with Primer3 software (http://frodo.wi.mit.edu). The primer sequences and PCR conditions are provided in Supplementary Table 1 . Sanger sequencing was performed on an Applied Biosystems™ 3500 Dx Genetic Analyzer by using a BigDye 3.1 sequencing kit (Applied Biosystems, CA, USA).
Variant Validation
All Sanger sequencing results were compared with the reference SLC3A1 and SLC7A9 sequences (NM_000341 and NM_014270, GRCh37/hg19, http://genome.ucsc.edu/cgi-bin/hgGateway) by applying SEQMAN software (DNA Star Package, Wisconsin, USA). Genetic variants were functionally annotated using InterVar (version 20180118) and screened for reported mutations by using ClinVar (version 20180603) and the HGMD database (public version). We further customized the clinical classification of each variant in accordance with the ACMG/AMP 2015 guidelines by applying automatically interpreted InterVar results and by integrating individualized information, such as family history and inheritance mode, obtained in this study with the results of previous studies.
RESULTS
Clinical Data of 13 Patients With Pediatric CU
A total of 13 patients with CU were identified, 10 of whom were males and 3 were females. These patients originated from 232 patients with urinary stones that we treated from 2002 to 2007. The patients had a mean age of 3.82 ± 3.12 years (range: 0.6-9.3) at first stone onset. The mean stone size of the patient group was 4.12 ± 4.96 cm 3 (range: 0.26-18.67 
Identification of SLC3A1 and SLC7A9
Variants on 24 Alleles via Sanger Sequencing
Sanger sequencing was successfully conducted for the 13 patients with pediatric CU and their parents. After filtering out variants with MAF > 0.01 using the gnomAD database and the variants present in 26 controls, we detected 14 SLC3A1 and 8 SLC7A9 variants on 24 alleles from these 13 families ( Table 2 , Figures 1-3 ). These variants covered the whole spectrum of mutations and ranged from insertion, deletion, splicing, and missense variants. Six families presented with biallelic SLC3A1 variants (AA genotype) (Figure 1) , and four families exhibited biallelic SLC7A9 variants (BB genotype) ( Figure 2 ). The genotypes of the remaining three families included a single heterozygous SLC3A1 variant (A genotype), a single heterozygous SLC7A9 variant (B genotype), and a single heterozygous SLC3A1 variant combined with a single heterozygous SLC7A9 variant (AB genotype) ( Figure 3 ).
Among these 24 variants, 15 have not been reported elsewhere (9 on SLC3A1, 6 on SLC7A9).
According to the ACMG/AMP 2015 guideline classification ( Table 2) , five of the nine SLC3A1 variants were pathogenic and four were likely pathogenic; two of the six SLC7A9 variants were pathogenic and another two were likely pathogenic. The classifications of the remaining two variants of SLC7A9 were uncertain. These 15 novel variants included the following: (1 Further functional effects were tested for all variants via three programs in silico (i.e., REVEL, ClinPred, and MutationTaster). Results showed that 13 of the 15 novel variants were damaging, disease-causing, or pathogenic ( Table 3) .
The remaining two SLC7A9 variants (i.e., c.1399+5C > G and c.538_540del:p.Phe180del) were likely pathogenic. Thus, further confirmatory experiments are needed.
Genotype-Phenotype Correlation for 13 CU Families
The 13 CU families were divided into three groups: classical AR inheritance (six AA and four BB genotypes), AD inheritance (one A and one B genotype), and digenic inheritance (one AB genotype) ( Table 4) . Several points were observed in this study:
(1) SLC3A1 is the main disease gene for childhood CU. SLC3A1 is mutated in 8 out of the 13 patients with CU and the number of stones is 2-9 for AA genotype and 1-3 for BB genotype. (2) Patients with AD inheritance had the highest number of stones. In family number 10 with A genotype, the number of stones is 14. In family number 11 with B genotype, the number of stones is 9. (3) Childhood CU may represent a more aggressive form. By contrast, the pathogenic variants in SLC3A1 or SLC7A9 (Eggermann et al., 2012) cannot all be detected in cystiruia patients. In this study, we detected the pathogenic variants in SLC3A1 or SLC7A9 in all CU patients, suggesting that pediatric CU patients may represent a more aggressive group.
Phenotypic Details for Three CU Patients With Heterozygous Variants
Three cases harboring SLC3A1 or (and) SLC7A9 heterozygous variants were identified. For patient number 6 with AB genotype, no clinical symptom of urolithiasis was observed during health FIGURE 1 | Rare variants of AA genotypes on six cystine urolithiasis (CU) families. Solid squares or circles mean the patients were affected by CU. Open squares or circles denote that the patients were not affected by CU.
examinations. The patient's 24-h urinary calcium was 0.42 mmol/L, 24-h urinary phosphorus was 9.75 mmol/L, serum calcium was 2.38 mmol/L, serum phosphate was 1.61 mmol/L, BUN was 3.39 mmol/L, CREA was 18.32 µmol/L, and UA was 269.31 µmol/L. However, the B ultrasound detected stones in the patient's urinary system. Patient number 10 with A genotype carried an SLC3A1 spicing variant (c.1012-1G > A) that was previously reported as pathogenic (Saadi et al., 1998) . The patient's initial symptom was dysuria but without urinary frequency and urgency. His 24-h urinary calcium was 0.12 mmol/L, 24-h urinary phosphorus was 7.94 mmol/L, serum calcium was 2.24 mmol/L, BUN was 4.42 mmol/L, CREA was 41.65 µmol/L, and serum UA was 182.91 µmol/L.
Patient number 11 with B genotype carried an SLC7A9 spicing variant (1399 + 2_3insT) that was also previously reported as pathogenic (Yuen et al., 2006) . The patient had spontaneous discharge of small stones (at 3 months old) according to his parents. The patient's 24-h urinary calcium was 0.59 mmol/L, 24-h urinary phosphorus was 3.92 mmol/L, serum calcium was 2.24 mmol/L, serum phosphate was 2.19 mmol/L, BUN was 3.37 mmol/ L, CREA was 32.2 µmol/L, and serum-UA was 217.26 µmol/L.
DISCUSSION
Cystinuria is a metabolic disease caused by defects in the SLC3A1 and SLC7A9 genes. These gene defects result in decreased renal reabsorption of cystine, ornithine, arginine, and lysine. Most patients with cystinuria develop CU, but the age at onset varies (Harnevik et al., 2003) . In this study, we subjected 13 patients with pediatric CU to mutation screening and observed typical SLC3A1 and SLC7A9 pathogenic variants consistent with AA, BB, or AB genotypes in 11 of the families with CU and heterozygous SLC3A1 and SLC7A9 rare variants in two of the families with CU (i.e., FIGURE 2 | Rare variants of BB genotypes on four cystine urolithiasis (CU) families. Solid squares or circles mean the patients were affected by CU. Open squares or circles denote that the patients were not affected by CU. family numbers 10 and 11). Family numbers 10 and 11 suffer from c.1012-1G > A and 1399 + 2_3insT splicing variants, respectively. These two variants were reported previously as pathogenic (Harnevik et al., 2001; Harnevik et al., 2003) . However, no CU phenotypes were observed for both maternal carriers. This situation may be indicative of the non-full penetrance for the heterozygous mutation in females. According to the ACMG/AMP 2015 guidelines or the predictions by the software in silico, all 24 rare variants are pathogenic, likely pathogenic, disease-causing, or damaging (Tables 2 and 3). This result is similar to that obtained by another study (Shen et al., 2017) . Shen et al. (2017) examined 13 pediatric patients with CU and found that all patients harbored pathogenic SLC3A1 or SLC7A9 variants. These results raise the question of whether newborns with mutations in the SLAC3A1 or SLC7A9 genes should be afforded certain precautions, especially as next-generation sequencing has become widely available.
As a global disorder, the prevalence of cystinuria varies in different populations, and hotspot mutations have been described previously. The typical mutation hotspot site is SLC3A1 p.Met467Thr (Weinberger et al., 1974; Harnevik et al., 2001; Botzenhart et al., 2002; Eggermann et al., 2012) . A study reported that 0.5% of the Swedish population carries the hotspot variant (Harnevik et al., 2001) . China is the most populated country in the world. However, to the best of our knowledge, only four studies (including the present study) have been conducted in China concerning this topic. These studies involved 40 patients in total (Yuen et al., 2006; Shen et al., 2017; Ma et al., 2018) . A total of 26 SLC3A1 and 21 SLC7A9 pathogenic variants have been reported in the Chinese population. As shown in Figure 4 , the Chinese variants were evenly distributed through the SLC3A1 or SLC7A9 genes, and only five SLC3A1 and six SLC7A9 variants were reported twice. No SLC3A1-p.Met467Thr was detected in the Chinese patients (Figure 4) . Therefore, the SLC3A1 and SLC7A9 variants in the patients likely represent mutation spectra that differ from those in other populations.
CONCLUSIONS
We detected a total of 24 rare variants in the SCL3A1 and SLC7A9 genes from 13 families with CU. Among these variants, 15 were novel. Functional evaluation analysis confirmed that all these novel variants are pathogenic, damaging, or disease- causing. These data expanded the spectrum of CU variants in the Chinese population.
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FIGURE 4 | Schematic presentation of SLC3A1 or SLC7A9 pathogenic variants in the Chinese population that have been reported thus far. One dot (at the end of the variants) represents the variants reported by Yuen et al. (2006) . Two dots denote the variants reported by Shen et al. (2017) . Three dots mean the variants reported by Ma et al. (2018) . Red dots are the variants identified in the present study. 
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